The initial metabolic and molecular events that underpin disuse-induced skeletal muscle deconditioning, and the contribution of energy balance, remain to be investigated. Ten young, healthy men (age 25 ± 1 years; body mass index 25.3 ± 0.8 kg⋅m −2 ) underwent three 24 h laboratory-based experimental periods in a randomized, crossover manner: (i) controlled habitual physical activity with an energy-balanced diet (CON); (ii) strict bed rest with a diet to maintain energy balance (BR-B); and (iii) strict bed rest with a diet identical to CON, consequently resulting in positive energy balance. Continuous glucose monitoring was performed throughout each visit, with vastus lateralis muscle biopsies and an oral glucose tolerance test performed before and after. In parallel with muscle samples collected from a previous 7 day bed rest study, biopsies were used to examine the expression of genes associated with the regulation of muscle mass and insulin sensitivity. A single day of bed rest, irrespective of energy balance, did not lead to overt changes in whole-body substrate oxidation, indices of insulin sensitivity [i.e. homeostatic model assessment of insulin resistance, BR-B from 2.7 ± 1.7 to 3.1 ± 1.5 (P > 0.05) and Matsuda index, BR-B from 5.9 ± 3.3 to 5.2 ± 2.9 (P > 0.05)] or 24 h glycaemic control/variability compared with CON. Seven days of bed rest led to ∼30-55% lower expression of genes involved in insulin signalling, lipid storage/oxidation and muscle protein breakdown, whereas no such changes were observed after 1 day of bed rest. In conclusion, more than a single day of physical inactivity is required to observe the insulin resistance and robust skeletal muscle transcriptional responses associated with bed rest and consequent alterations in energy balance.
INTRODUCTION
The recovery from illness or rehabilitation after injury often requires a period of local (e.g. limb immobilization) or whole-body (e.g. bed rest) muscle disuse. Even in otherwise healthy humans, a single bout of muscle disuse leads to rapid skeletal muscle loss of ∼0.5-0.6% day −1 (Deitrick, 1948; Gibson et al., 1987; . This muscle atrophy is accompanied by a decrease in functional capacity (Deitrick, 1948; Gibson et al., 1987) , insulin sensitivity Mikines, Richter, Dela, & Galbo, 1991; Stuart, Shangraw, Prince, Peters, & Wolfe, 1988) , glucose tolerance  c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society Yanagibori, Suzuki, Kawakubo, Makita, & Gunji, 1994) and basal metabolic rate (Haruna, Suzuki, Kawakubo, Yanagibori, & Gunji, 1994) .
However, the underlying mechanisms responsible for disuse-induced skeletal muscle deconditioning remain incompletely understood.
We and others (Biensø et al., 2012; Mikines et al., 1991; Stuart et al., 1988) have previously shown that muscle atrophy observed after 1 week of bed rest is associated with ∼30% decrease in insulin sensitivity. However, it has been demonstrated that changes in glucose homeostasis and insulin sensitivity occur after 3-5 days of muscle disuse (Reidy et al., 2017; Yanagibori et al., 1994) , which suggests that these processes might be evident even
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• What is the central question of this study?
What are the initial metabolic and molecular events that underpin bed rest-induced skeletal muscle deconditioning, and what is the contribution of energy balance?
• What is the main finding and its importance?
A single day of bed rest, irrespective of energy balance, did not lead to overt changes in skeletal muscle gene expression or insulin sensitivity. More than 1 day of physical inactivity is required to observe the insulin resistance and robust skeletal muscle transcriptional responses associated with bed rest and consequent alterations in energy balance.
sooner. A major health consequence of impaired insulin sensitivity is reduced blood clearance of ingested carbohydrates and, as a result, greater frequency and magnitude of hyperglycaemic excursions throughout the day (van Dijk & van Loon, 2015) , which is also linked to the development of metabolic inflexibility (i.e. reduced ability to switch appropriately between the oxidation of fat and carbohydrate depending on prandial status; Kelley & Mandarino, 2000) . Aside from the development of insulin resistance and metabolic inflexibility, disuse-induced deconditioning also includes an imbalance between muscle protein synthesis and breakdown (Wall, Dirks, & van Loon, 2013 ) and the accumulation of lipid in skeletal muscle tissue (Bergouignan, Rudwill, Simon, & Blanc, 2011; Cree et al., 2010) .
Although it generally takes several days or weeks for these changes to occur, the identification of early transcriptional changes that occur before (or coincide with) the onset of insulin resistance could point at mechanisms responsible for the muscle deconditioning that is observed later on. Consequently, the primary aim of this study was to establish which aspects of glucose intolerance occur first, if at all, and how these are related to the early skeletal muscle transcriptional response that could account for the well-established deconditioning in muscle metabolism and the development of insulin resistance during muscle disuse.
A consideration of muscle disuse research is how to isolate the impact of physical inactivity per se, and not the influence of a concomitant change in energy intake (owing to altered energy demands). That is to say, changes in energy balance and/or macronutrient intake can impact on insulin sensitivity and muscle mass independently of physical activity status (Backx et al., 2016; Hulston, Churnside, & Venables, 2015) . For example, maintaining a habitual diet during a period of physical inactivity will impose a positive energy balance and would therefore exacerbate the impact of muscle disuse on insulin sensitivity and muscle atrophy (Biolo et al., 2008; Peterson, Zhang, Johannsen, & Ravussin, 2017) . However, decreasing energy intake during physical inactivity, in line with reduced energy demands, inevitably leads to changes in absolute or relative protein intake, factors which have been shown to accelerate muscle disuse atrophy (Biolo et al., 2007) . As such, a secondary aim of this study was to investigate the impact of reducing (according to reduced energy requirements) or maintaining (matched to an individual's habitual diet) energy intake on the muscle transcriptional response and glucose homeostasis during a single day of bed rest.
In the present study, we hypothesized that a single day of bed rest would lead to a co-ordinated transcriptional response within skeletal muscle tissue associated with alterations in the expression of genes relating to muscle mass and insulin sensitivity, which would be accompanied by the onset of whole-body insulin resistance and impaired blood glucose homeostasis. To address the relative impact of muscle disuse per se versus alterations in diet, we applied a fully controlled diet in three separate conditions: (i) maintaining energy balance in control conditions (habitual physical activity; CON);
(ii) maintaining energy balance during bed rest (BR-B); and (iii) matching the CON diet but in bed-rested conditions (i.e. resulting in a positive energy balance; BR-M). Furthermore, to design true control conditions that could represent habitual, 'free-living' physical activity, but be performed in laboratory conditions, we used free-living accelerometry data to design individualized 24 h activity patterns for each volunteer.
METHODS
Ethical approval
All subjects were informed on the nature and risks of the experiment before written informed consent was obtained. 
Subjects
Ten healthy young men [age 25 ± 1 years; body mass index (BMI) 25.3 ± 0.8 kg m −2 ] were included in the present study. The characteristics of the subjects are presented in Table 1 . Before inclusion in the study, subjects completed a routine medical screening to ensure suitability for acceptance into the study. During the screening, subjects completed a general health questionnaire, and height, weight and resting blood pressure were determined. Exclusion criteria were as follows: a BMI <18.5 or >30 kg m −2 , regular smoker, a (family) history of thrombosis, type 2 diabetes mellitus and any major current back, knee or shoulder complaints. Furthermore, subjects who had been involved in structured and prolonged resistancetype exercise training during the 6 months before the study were excluded. Subjects were also instructed to cease taking any nutritional supplements for 2 weeks before the study until all study visits were completed. 
TA B L E 1
Experimental overview
In a randomized, crossover design, subjects participated in three 24 h metabolic test days, each including an overnight stay within the laboratory (Figure 1 ). During the control (CON) visit, subjects maintained a supervised, predesigned 24 h period of habitual physical activity within the confines of the laboratories and University campus and were provided with a diet designed to maintain energy balance.
On the two other visits, subjects underwent a 24 h period of strict bed rest and were provided with either a diet with reduced energy content designed to maintain energy balance during bed rest (bed rest-balance; BR-B) or the same diet as during the control visit, which was 133% of energy requirements (bed rest-matched; BR-M). At the beginning and end of the study visit, a muscle biopsy was obtained, an oral glucose tolerance test (OGTT) was performed, and resting energy expenditure and whole-body substrate oxidation were determined in fasting conditions. Muscle strength was assessed before the first experimental visit and immediately after the three visits. In addition, interstitial continuous glucose monitoring was applied during the test days.
Pretesting
After acceptance into the study, two pretesting visits were conducted.
During the first pretesting visit, subjects arrived at the laboratory in the overnight fasted state, and body composition (body fat and lean mass) was determined by air displacement plethysmography (Bodpod; Life Measurement, Inc., Concord, CA, USA). Thereafter, resting metabolic rate and whole-body substrate oxidation were determined using expired gas collections through a facemask for indirect calorimetry (Cortex Metalyzer 2R gas analyser; Cortex, Leipzig, Germany). First, subjects were asked to lie quietly and still in a supine position for 30 min, after which a 30 min measurement period commenced. The last 10 min of this measurement period was used to obtain average values of oxygen uptake and carbon dioxide production to determine substrate oxidation rates according to the non-protein stoichiometric equations detailed by Frayn (1983 (Esliger et al., 2011) . Finally, unilateral maximal leg-extension strength [one-repetition maximum (1-RM)] was estimated for each leg separately. All subjects warmed up briefly (10 min cycling at 100 W) and were then instructed and familiarized with safe lifting technique for the leg-extension exercise.
Maximal strength was estimated using the multiple repetitions testing procedure for each leg separately (Mayhew et al., 1995) . At least 2 days later, subjects attended the laboratory to confirm single-leg 1-RM (Kraemer & Fry, 1995) . Briefly, the load was set at 97.5% of the estimated 1-RM from the previous visit, and increased after each successful lift until failure. Two minute rest periods were allowed between lifts. A repetition was considered valid when the subject used proper form and was able to complete the entire lift in a controlled manner without assistance. The maximal strength obtained during this visit was taken as their baseline for the duration of the study.
Dietary and physical activity control designs
Two diets were designed for each subject individually containing their selected meals and snacks (see above). The two diets differed only in their energy content (amount of each chosen meal provided) and therefore their macronutrient compositions were identical, i.e. 56 energy percentage (en%) carbohydrate, 32 en% fat and 12 en% protein (Table 2 ). The first diet was designed to provide energy balance during a day of habitual physical activity (for the CON and BR-M visits) and was calculated as 24 h resting energy expenditure multiplied by an activity factor of 1.6. The second diet was designed to provide energy balance during a day of bed rest (BR-B visit) and was calculated as 24 h resting energy expenditure multiplied by an activity factor of 1.2. As a result, during the BR-M visits, subjects' energy intake was 33% greater than during BR-B.
For the CON visit, a day mimicking habitual free-living physical activity was individually designed for each subject based upon physical activity diaries and accelerometer data collected during the pretesting period. Average values for minutes spent sitting, standing and walking were computed across measurement days for the following periods:
11.00-14.00, 14.00-17.00, 17.00-20.00 and 20.00-23.00 h. Within each corresponding period during the control visit, the total minutes spent in each behaviour and the distribution of any prolonged bouts Values represent means ± SD. *Significantly different from CON/BR-M (P < 0.001).
TA B L E 2 Dietary intake during the control (CON), bed restmatched (BR-M) and bed rest-balanced (BR-B) visits
Intake
CON and BR-M BR-B
of activity were replicated as far as the experimental protocols would allow. In addition, all regular volitional exercise reported in the physical activity diary was replicated in terms of mode, intensity/workload and duration. Any walking activity and volitional exercise habitually undertaken before 11.00 was replicated between 11.00 and 14.00 h. An example plan for the CON visit can be seen in Figure 2 .
Experimental visits
After inclusion and pretesting, subjects participated in three experimental test days after having refrained from strenuous physical activity and alcohol for 2 days beforehand. To standardize pretrial dietary intake, subjects were asked to record their food intake on the evening before the first experimental visit, and to replicate this before the following two visits. Subjects arrived at the laboratory at 07.00 h in the fasted state, voided their bladder and rested semisupine on a hospital bed. A single muscle biopsy was taken from the vastus lateralis. A cannula was placed into an antecubital vein in their forearm, and a facemask was applied for 30 min of expired gas collections, with the final 10 min being used to determine metabolic rate and whole-body substrate oxidation via indirect calorimetry (Cortex Metalyzer 2R gas analyser; calculations described in section 2.4. A baseline venous blood sample (8 ml) was obtained, and subjects then ingested 75 g glucose dissolved in 300 ml water (dextrose;
BulkPowders.com), signifying the beginning of a 120 min OGTT period.
A venous blood sample was obtained from the cannula every 15 min for the measurement of glucose and insulin, and indirect calorimetry was performed throughout the 120 min OGTT period.
For the CON visit, the end of the OGTT signified the beginning of the day of predetermined physical activity. For each 3 h period (11.00-14.00, 14.00-17.00, 17.00-20.00 and 20.00-23.00 h) time spent (in minutes) sitting, standing and walking and any exercise behaviours were prescribed in order to mimic habitual free-living behaviour. Subjects were monitored throughout the day by members of the research team, and constant feedback was provided to ensure that the required amount of each activity was undertaken in each 3 h block as far as possible. All the conditions were provided within the university campus, and subjects were accompanied by a researcher at all times.
Lying time was considered as a sitting condition. Subjects returned to bed and asked to sleep at 23.00 h.
For the BR-B and BR-M visits, after the biopsy and OGTT the subjects remained (semi)supine for the rest of the day and night, with an optional pillow under their head. All toilet activities were performed using a bedpan, and meals were served in bed and consumed in a supine position to ensure that no weightbearing or upright posturing occurred for the 24 h period. Subjects were accompanied by a member of the research team continuously through the day and evening, and laptops, TV/DVDs, books and games were available for entertainment. At night, subjects could communicate with the researchers, who were available in an adjacent room, by the use of baby monitors (also serving to ensure that no major movements were taking place in the researchers' absence). Lights were switched off and subjects requested to sleep at 23.00 h. F I G U R E 2 Example of habitual lying/sitting, standing and walking (measured during 5 days of consecutive free living) and this activity recreated during the control day for a representative subject. Data for lying/sitting, standing and walking are presented for the whole day and as proportions of each time period For all visits, meals were provided after metabolic testing at identical times: 11.00 h (breakfast), 14.00 h (lunch), 16.30 h (snack),
19.00 h (dinner) and 21.00 h (snack). The next morning, subjects were woken up at 07.00 h, and indirect calorimetry and OGTTs were performed in the same manner as the previous day. Thereafter, subjects were provided with breakfast and walked to the gym to perform the 1-RM test in an identical manner to that during the second pretesting visit.
Continuous blood glucose monitoring system
Glucose sensors (Enlite R ; Medtronic Inc., Northridge, CA, USA) were placed S.C. at the side of the abdomen and attached to a continuous glucose monitoring system (iPRO2 R ; Medtronic Inc, Northridge, CA, USA) on the day before the experimental visit. Within several hours after placing the probe, the device started to collect a blood glucose reading every 5 min. Data were collected from the start of the pre-OGTT until after the post-OGTT, after which the probe was removed. Such an approach has been shown to generate accurate glucose readings representative of plasma glucose concentrations for at least 6 days (Keenan et al., 2012) . The recorded data were analysed for glycaemic control (i.e. average 24 h glucose, and glucose area under the curve) and glycaemic variability (SD, continuous overall net glycemic action (CONGA) 1 and 2). The CONGA1 and CONGA2 indices were determined by calculating the difference between each glucose concentration and the reading 1 (CONGA1) or 2 h earlier (CONGA2), and taking the SD of those differences (McDonnell, Donath, Vidmar, Werther, & Cameron, 2005) .
Blood analyses
Blood samples (5 ml) were collected for determination of plasma glucose and serum insulin concentrations before and during the OGTT.
A small volume (1 ml) was immediately analysed for whole blood glucose concentrations (YSI 2300 PLUS, Yellow Springs, OH, USA).
The second part was collected in BD vacutainers (SST II), which were left to clot at room temperature for ≥30 min and then centrifuged at 3000g and 21 • C for 15 min to obtain serum samples. These were used to determine insulin concentrations using a commercially available kit (human insulin ELISA kit, DX-EIA-2935; Oxford Biosystems Ltd, Milton Park, UK). Glucose and insulin concentrations were used to calculate the HOMA-IR index (homeostatic model assessment of insulin resistance; Matthews et al., 1985) and the Matsuda index (Matsuda & DeFronzo, 1999) .
Skeletal muscle biopsy collection and analysis
Muscle biopsies were taken in the morning before the pre-and postOGTTs, in the overnight-fasted state. Percutaneous muscle biopsy samples were collected from the vastus lateralis, ∼15 cm above the patella, with the Bergstrom technique (Bergstrom, 1975) . The collected muscle was freed from any visible non-muscle tissue, snapfrozen in liquid nitrogen, and stored at −80 • C until further analysis.
Muscle glycogen content was determined spectrophotometrically, as described elsewhere (Harris, Hultman, & Nordesjo, 1974) .
Skeletal muscle mRNA expression of 48 metabolic genes was analysed as published previously (Tsintzas et al., 2013) . In brief, total RNA was extracted from ∼15-20 mg frozen muscle tissue (Chomczynski & Sacchi, 1987) , and quantification and reverse transcription of RNA was carried out (Tsintzas et al., 2006) . Taqman low-density custom array cards (ABI Applied Biosystems, Foster City, CA, USA) were used for the relative quantification of the expression of genes involved in muscle mass regulation and metabolic health.
Each card allowed for eight samples to be run in parallel against 48
Taqman gene expression assay targets that were preloaded into each of the wells on the card (Table 3 ). In short, 50 l Taqman Universal PCR master mix (2×; ABI Applied Biosystems) was added to 200 ng of RNA equivalent of cDNA into an RNAse-free Eppendorf tube, and RNAse-free water was added to make the total reaction volume up to 100 l. The reaction mixture was mixed, centrifuged and loaded into one of the fill reservoirs of the Micro Fluidic card, after which the cards were centrifuged (Hereaus 3 S-R Microfuge, Thermo Fisher Scientific,
Waltham, MA, USA) and run on a 7900HT Fast Real-Time PCR System TA B L E 3 Names and symbols of gene expression assay targets that were preloaded on to the microfluidic cards (ABI Applied Biosystems). Relative quantification of the genes of interest was performed using the comparative Ct method. Data were normalized to the geometric mean of ACTA1 (Stephens et al., 2010) , GAPDH (Mahoney et al., 2004) and HMBS (Wall et al., 2012) to minimize variation in the expression of individual housekeeping genes.
Muscle biopsies from n = 7 subjects in this study (age 25 ± 4 years, height 1.76 ± 0.06 m, BMI 25.1 ± 2.4 kg m −2 ) were compared with biopsies from n = 7 age-, height-and BMI-matched subjects (age 23 ± 2 years, height 1.82 ± 0.08 m, BMI 23.6 ± 2.8 kg m −2 ; all P > 0.05 when compared with the present study) who underwent 7 days of strict bed rest in our previous study , to assess the early (BR-B) versus late (7 days; i.e. serving as a positive control) effects of bed rest on muscle mRNA expression. Samples from both studies were extracted and analysed at the same time, using the same reagents.
Statistical analysis
All data are expressed as means ± SD. Student's paired t tests were used to examine differences in planned versus observed minutes of sitting, standing and walking during the control day. Data were analysed using a repeated-measures ANOVA with condition (CON versus BR-B versus BR-M) and, when appropriate, time (pre versus post) and feeding status (fasted versus fed), all as within-subjects factors.
To assess the effect of bed rest duration on muscle gene expression (BR-B versus 7 days), Student's unpaired t test was used. For all ANOVAs, when a significant interaction was detected Student's paired t tests were applied to test the effect within the different conditions.
Statistical significance was set at P < 0. 
RESULTS
Standardized physical activity and muscle strength
The minutes of lying/sitting (551 ± 114 min day −1 ), standing 
Whole-body substrate utilization
During both pre-and post-OGTTs, carbohydrate ingestion led to an increase in the relative contribution of carbohydrate oxidation to energy expenditure (Figure 3 ; P < 0.01). This was accompanied by before (pre) and after (post) the three experimental conditions (n = 10): 24 h of laboratory controlled habitual physical activity with a diet designed to maintain energy balance (CON); 24 h bed rest with a diet designed to maintain energy balance (i.e. reduced energy intake compared with CON; BR-B); and 24 h bed rest with a diet matched to CON (i.e. positive energy balance; BR-M). A three-way repeated-measures ANOVA demonstrated that the relative contribution of carbohydrate oxidation to energy expenditure increased with carbohydrate ingestion (P < 0.01) and after all experimental visits (P < 0.05), and a trend for a time × feeding interaction (P = 0.066) suggests an impairment in switching from fat to carbohydrate oxidation after all three experimental visits a resultant increase in respiratory exchange ratio (RER) and energy expenditure (both P < 0.01).
After all three 24 h visits, RER was higher in the fasting state and after carbohydrate ingestion when compared with premeasurements (P < 0.01), which was attributable to an increase in the relative contribution of carbohydrate oxidation to energy expenditure (P < 0.05). A trend for a time × feeding interaction was found for the contribution of carbohydrate oxidation to energy expenditure (P = 0.066), suggesting an impaired capacity to switch from fat to carbohydrate oxidation after carbohydrate ingestion after all three visits. 
Insulin sensitivity and glycaemic control
Skeletal muscle gene expression
The relative expression of genes involved in insulin signalling and glucose metabolism is depicted in Figure 6 . PRKCQ expression (PKC ; Figure 6a ) showed a tendency for an effect (P = 0.088) owing to a threefold increase after both 24 h bed rest visits. This effect was not visible after 7 days of bed rest, when mRNA expression was approximately twofold lower than during 1 day of energy-balanced bed rest (P < 0.01). GLUT4 (Figure 6c ) expression was not different after the three 24 h visits (P = 0.229), but was ∼60% lower following 7 days of bed rest (P < 0.01). PDP1 (Figure 6f ) showed a twofold lower expression after 7 days of bed rest (P < 0.05), and a similar, although not significant (P = 0.065), effect was observed for PDK2 (Figure 6g ).
No changes in the mRNA expression of PI3K (Figure 6b 
PDK2
F I G U R E 6 Skeletal muscle mRNA expression of genes involved in insulin signalling and glucose metabolism in healthy, young men (n = 7) who underwent three 24 h interventions in a crossover manner: control (CON), bed rest-matched (BR-M) and bed rest-balanced (BR-B) visits. Data were compared with n = 7 healthy men who had undergone 7 days of strict bed rest in a previous study (7 Days; Dirks et al., 2016) . Data were analysed using a repeated-measures ANOVA including CON versus BR-B versus BR-M, and Student's unpaired t test including BR-B versus 7 Days. * Significantly different from BR-B (P < 0.05). # Trend for a significant difference (P < 0.10)
Relative mRNA expression 
F I G U R E 7
Skeletal muscle mRNA expression of genes involved in lipid metabolism and fat oxidation in n = 7 healthy men undergoing control (CON), bed rest-matched (BR-M) and bed rest-balanced (BR-B) visits in a crossover manner. Data were compared with a group of healthy men (n = 7) who underwent 7 days of strict bed rest in energy-balanced conditions (7 Days; Dirks et al., 2016) . Data were analysed using a repeatedmeasures ANOVA including CON versus BR-B versus BR-M, and Student's unpaired t test including BR-B versus 7 Days. * Significantly different from BR-B (P < 0.05). # Trend for a difference versus BR-B (P < 0.10) expression of these genes was found between the three 24 h experimental visits. However, 7 days of bed rest led to a lower expression of ACADM (Figure 7j ; ∼30% lower than BR-B; P < 0.05), ACAT1 (Figure 7l ; ∼55% lower than BR-B; P < 0.01), and PPARA (Figure 7m ; ∼45% lower than BR-B; P < 0.05). A tendency for lower mRNA expression after 7 days of bed rest was observed for PLIN5
( Figure 7b ; ∼55% lower than BR-B, P = 0.065) and HADBH (Figure 7k ; The skeletal muscle mRNA expression of genes involved in the regulation of muscle mass is displayed in Figure 8 . None of the genes involved in muscle protein synthesis (Figure 8a-g ) was different between the three 24 h visits or between 1 and 7 days of bed rest.
Of the genes involved in muscle protein breakdown (Figure 8h-o) , TRIM63 (MURF-1; Figure 8k ) was twofold lower after 7 days energybalanced bed rest than after 1 day (P < 0.05). Moreover, tendencies for a 40% lower expression of FOXO3 (Figure 8i ; P = 0.053) and 30% lower expression of BECN1 (Figure 8o ; P = 0.083) were observed. Expression of FOXO1 (Figure 8h ), FBO32 (MAFBx; Figure 8j ), MSTN (Figure 8l ), GDF11 ( Figure 8m ) and ULK1 (Figure 8n) was not different between the three conditions or after 7 days of bed rest. SLC7A5 (LAT1) and LIPE (HSL) were undetectable and are therefore not presented. 
DISCUSSION
We have previously demonstrated that short periods (5-7 days) of muscle disuse lead to substantial muscle atrophy, which is accompanied by impaired muscle protein synthesis rates and the development of insulin resistance. In the present study, we report that 7 days of bed rest leads to transcriptional responses associated with impairments in insulin signalling, the regulation of lipid storage/oxidation and muscle protein breakdown. However, these molecular changes are not yet pronounced after a single day of bed rest, nor is any striking insulin resistance or disturbance in blood glucose homeostasis evident at this early stage. Moreover, none of these factors was modulated by energy balance during a single day of bed rest.
It is established that periods of physical inactivity lead to rapid loss of skeletal muscle mass (Deitrick, 1948; Gibson et al., 1987; ) and the development of insulin resistance of glucose metabolism Mikines et al., 1991; Stuart et al., 1988) , although the mechanisms underlying this skeletal muscle deconditioning are currently unclear. Here, we investigated the effect of a single day of bed rest on muscle transcriptional responses when compared with 7 days of bed rest, in addition to glucose homeostasis and markers of insulin sensitivity. To investigate whether the effect of bed rest was attributable to physical inactivity per se or to the associated changes in energy balance, we also examined the impact of positive energy balance (33% calorie excess; Table 2 ) on our outcome measures. Previously, Biensø et al. (2012) reported that 7 days of bed rest leads to a 22% decline in insulin sensitivity, measured as leg glucose uptake during a hyperinsulinaemic-euglycaemic clamp, which was attributable to a direct effect on intracellular insulin signalling pathways. Specifically, they reported reduced muscle GLUT4, hexokinase and Akt protein levels and a concomitant blunted ability of insulin to phosphorylate Akt and activate glycogen synthase (Biensø et al., 2012) . However, the associated (and preceding) muscle transcriptional responses, taking into account nutritional status, have not been reported. To develop this understanding, we applied custom-designed, low-density qRT-PCR array cards to assess how the expression of various genes encoding proteins involved in insulin signalling and glucose metabolism were affected by a single day, when compared with 7 days (serving as a positive control insofar as we know that this duration leads to the development of insulin resistance; Dirks et al., 2016), of bed rest ( Figure 6 ). We observed that protein kinase C (PRKCQ/PKC ) gene expression was lower after 7 days of bed rest, whereas it had increased after both 24 h bed rest visits (Figure 6a ).
Increased PKC activation has been associated with insulin resistance, especially in conditions of lipid oversupply (Griffin et al., 1999) . PKC is activated via diacylglycerol (DAG; Szendroedi et al., 2014) , and our previous work showed an increase in several DAG species after 1 week of bed rest , implying that an early upregulation of PKC gene expression might be implicated in the development of bed rest-induced insulin resistance irrespective of energy balance.
It is noteworthy that PKC acts via the inhibition of IRS1 (Li et al., 2004 ) and subsequent impairment of PI3K and Akt activity, and no effect on the expression of these genes was observed. Although this may seem contradictory, this can probably be explained by the fact that their activity is regulated via (de)phosphorylation. Upstream of PKC , GLUT4 gene expression showed a similar pattern, by showing a non-significant increase with 24 h of bed rest and subsequent downregulation after 1 week of bed rest (Figure 6c ). Although GLUT4 mRNA expression does not necessarily represent GLUT4 protein content (or translocation to the plasma membrane), here we show a ∼60% decrease in GLUT4 mRNA (Figure 6c ) expression after 7 days, but not after a single day, of bed rest, which is in line with a decrease in GLUT4
protein expression (Biensø et al., 2012) and muscle glucose uptake (Biensø et al., 2012; Dirks et al., 2016 ). As we have previously shown that an increase in insulin sensitivity and muscle glycogen synthesis is accompanied by an increase in GLUT4 expression (Stephens et al., 2010) , it is expected that the decrease in GLUT4 expression after 7 days of bed rest is preceded by the onset of insulin resistance and a reduction in muscle glucose flux.
The pyruvate dehydrogenase complex (PDC) plays a key role in determining muscle fuel selection as the rate-limiting step of glucose oxidation (van Loon, Constantin-Teodosiu, Saris, & Wagenmakers, 2001 ) and is covalently regulated by a phosphatase (PDP) and a kinase (PDK). We have previously shown that inhibition of PDC activation results in a diversion of disposed glucose from oxidation to storage (Chokkalingam et al., 2007; Stephens, Constantin-Teodosiu, Laithwaite, Simpson, & Greenhaff, 2006) , which was associated with a selective upregulation of PDK4, but not PDK2, mRNA expression (Chokkalingam et al., 2007) . Here, we showed that the expression of PDP1 ( Figure 6f ) and PDK2 (Figure 6g ) was downregulated after 7 days of bed rest, whereas previous work has reported unaltered fasting PDC activation after such periods of muscle disuse in young volunteers (Vigelso et al., 2016; Wall et al., 2015) . Surprisingly, both studies reported an increased fasting PDC activation in older volunteers (Vigelso et al., 2016; Wall et al., 2015) , DGAT-1, DGAT-2, LPIN1; Figure 7) were not affected by 24 h or 7 days of bed rest. However, perilipin 5 (PLIN5), present on the coating of lipid droplets and involved in regulating fatty acid utilization (Wolins et al., 2006) , was lower after 7 days of bed rest. This extends previous animal research, showing overexpression of PLIN5 protects against both highfat diet-induced (Bosma et al., 2013) and fasting-induced (Gemmink et al., 2016) consistently show a downregulation after 7 days. This downregulation, which occurred in parallel with a decrease in fasting fat oxidation , might be, at least in part, the cause for muscle lipid accumulation that occurs after more prolonged disuse (i.e. >1 week).
We have previously shown that muscle disuse leads to considerable skeletal muscle atrophy within a few days (Wall et al., 2014) . Although altered muscle protein synthesis rates have been reported as a feature of muscle disuse atrophy (Gibson et al., 1987; Wall et al., 2016) , ). The autophagy-lysosome pathway also contributes to mass breakdown (Mizushima & Klionsky, 2007) and facilitates UPP breakdown via 'preprocessing' myofibrillar proteins. Here, we showed that 7 days of bed rest leads to a decrease in gene expression of key components of the UPP, FOXO3 (6) and MURF-1 (Figure 68k ), presumably reflecting a lower net protein turnover of muscle at this time point. In line with this, a key target of autophagy signalling, Beclin 1 (Sanchez et al., 2012) , followed a similar pattern, with a tendency to decrease after 1 week of bed rest (Figure 8o ). In contrast, a single day of bed rest did not alter key genes in the regulation of muscle protein breakdown, nor did energy balance influence this (Figure 8h-o) .
Collectively, our data suggest that the early and transient rise in muscle protein breakdown, which has been thought to occur in the first days after the onset of muscle disuse and contribute to muscle atrophy (Abadi et al., 2009; Tesch, von Walden, Gustafsson, Linnehan, & Trappe, 2008; Urso, Scrimgeour, Chen, Thompson, & Clarkson, 2006) , is not yet visible after a single day of bed rest, or is not best reflected by transcriptional responses.
Given the previously observed potent effect of bed rest on insulin resistance Mikines et al., 1991; Stuart et al., 1988) ,
we assessed the impact of a single day of bed rest on insulin sensitivity and glycaemic control. Here, we demonstrate that a single day of bed rest does not significantly affect whole-body insulin sensitivity, irrespective of energy balance (Figure 4g,h ). However, a trend for impaired insulin sensitivity as determined by HOMA-IR was observed (P = 0.096), with a tendency present to suggest that maintaining habitual energy intake exacerbated this effect. Our data are in line with previous work demonstrating an increase in HOMA-IR after a similar 1 day overfeeding protocol (Magkos et al., 2014) and are in agreement with previous observations during more prolonged bed rest protocols showing that surplus energy intake exacerbates the negative effect of bed rest on liver insulin sensitivity Kiilerich et al., 2011) , possibly via an impaired suppression of nocturnal hepatic glucose production (Magkos et al., 2014) . The lack of a statistically significant effect of bed rest on the Matsuda index, a proxy of peripheral insulin sensitivity (Matsuda & DeFronzo, 1999) , is in contrast to the general consensus that prolonged bed rest-induced insulin resistance is predominantly present peripherally (Cree et al., 2010; Dirks et al., 2016; Mikines et al., 1991; Stuart et al., 1988) . Although a visual decline in the Matsuda index was seen in both bed rest conditions, it seems that any effect of a single day of bed rest on peripheral insulin sensitivity is modest. A methodological consideration here was the collection of venous (rather than arterial or arterialized venous) blood to calculate glucose tolerance and insulin sensitivity. Recent data demonstrate that the quantification of insulin sensitivity during an OGTT when muscle contraction level is manipulated can vary depending on whether venous or arterialized venous blood is used (Edinburgh et al., 2017) . However, within the present study, insulin sensitivity was calculated and compared consistently from venous blood, and we anticipate that any differences if arterialized blood had been obtained would be minimal and not alter the direction of our findings. Rather than simply insulin resistance per se, numerous epidemiological studies have demonstrated a clear and independent link between postprandial hyperglycaemia and cardiovascular co-morbidities (Cavalot et al., 2006; de Vegt F et al., 1999) and, more specifically, the prevalence of hyperglycaemia and glycaemic excursions across an entire day. To this end, we applied continuous interstitial glucose monitoring methodology and observed similar glycaemic variability throughout all three visits and a close to identical 24 h, and nocturnal, average interstitial glucose concentration and interstitial glucose area under the curve (inset in Figure 4i ). These data are in line with our insulin sensitivity indices, implying that the impaired glucose homeostasis, to be expected with prolonged muscle disuse, does not yet manifest within 24 h. Likewise, a 24 h time period did not lead to changes in muscle glycogen content ( Figure 5 ), which probably takes longer to occur (Biensø et al., 2012; Kiilerich et al., 2011) . As such, at least in healthy humans, there appears to be a brief (albeit short-lived) window for resisting the deleterious metabolic effects of physical inactivity.
A final consideration of the present work is our novel approach towards designing a representative control condition. The severity and invasiveness of an experimental bed rest intervention has often required researchers to rely on a pre/post comparison only (i.e. no true control conditions, e.g. Cree et al., 2010; Dirks et al., 2016; Mikines et al., 1991) or to use non-laboratory-based control conditions (e.g. LeBlanc et al., 1992) . We attempted to address this by proposing a novel quantitative method, using precise objective measures to assess each participant's habitual physical activity individually, taking into account their time spent sitting, standing and walking, as well as the type, volume and intensity of any exercise they typically perform. In human studies, such approaches as included herein result in largely descriptive data rather than isolating definitive mechanisms such as are more regularly described using animal and/or pharmacological approaches, which can allow reductionism to the level of a metabolic process or even individual molecule. However, we view the novel habitual physical activity control conditions and the dietary approach in the present study as a step forward in our approach to identifying subtle, in vivo mechanisms of disuse-induced deconditioning in human volunteer studies.
In conclusion, we demonstrate that a single day of bed rest does not substantially change the skeletal muscle expression of genes involved in the regulation of muscle mass, insulin sensitivity and/or fuel oxidation. Although prolonged bed rest leads to overt decreases in insulin sensitivity and glycaemic control, such effects manifest only modestly after a single day of bed rest. Importantly, the muscle transcriptional responses that did occur were irrespective of whether volunteers were in energy balance or maintaining their habitual diet (i.e. modest overfeeding) and can therefore be attributed directly to the withdrawal of muscle contraction. Chomczynski, P., & Sacchi, N. (1987 
